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Correspondence should be addressed to Francesco Galeotti; galeotti@ismac.cnr.it

Received 29 December 2015; Revised 16 March 2016; Accepted 27 March 2016

Academic Editor: Shu Seki

Copyright © 2016 Francesco Galeotti et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

We report our recent results on the fabrication of nanostructured polymer layers aimed at developing efficient antireflection coating
on silicon. The proposed manufacturing approach is based on self-assembly and relies on breath figure formation. By simple
and straightforward operations, we are able to produce different nanostructured coatings: densely packed nanodomes, randomly
distributed nanopores, andmultilayered close-packed nanopores. By optical reflectivity measurements on coated silicon wafers, we
show that the latter type of nanostructure is able to reduce the reflectivity of standard silicon surface (≈40% at 450 nm) to about 10%.

1. Introduction

Light-matter interaction plays a crucial role in many modern
technological applications, including photovoltaics andmany
other electrooptical devices. In order to operate efficiently,
photovoltaic cells have often the need to improve the coupling
of light inside a material with a high refractive index (𝑛). In
the presence of a 𝑛 step, light transmission is limited by the
naturally occurring Fresnel reflection, always present at any
interface between different 𝑛media. Standard semiconductor
materials employed in electrooptical devices typically reflect
from 30% to 50%of the incoming light at normal incidence in
the visible and near-IR range. This value generally increases
at higher incidence angles. Therefore, reducing the optical
reflectivity in the visible and near-IR spectra by an effective
antireflection (AR) coating is a key issue for increasing the
efficiency of the electrooptical conversion process.

Standard multilayer coatings used in photovoltaic panels
and concentrating photovoltaic systems normally reach high
frontal AR power, but they are less effective in reducing
the losses due to the angular dependence of the reflectivity.
Nanostructures have the ability to fill this gap. In fact, real-
izing proper nanostructures on the semiconductor surface
produces a gradual variation of the equivalent 𝑛 between air
and the semiconductor [1–3], reducing light reflectivity.

A straightforward and simple way of producing nanos-
tructures is provided by self-assembly, which has emerged as
one of the most significant paradigms for the fabrication of
new materials of technological interest because of its natural
aptitude for producing complex nano- and microstructures
[4–6]. The possible structures encompass a wide range of
morphologies emerging frommicrophase separation of block
copolymers [7], dewetting [8], coffee rings [9], and micro-
sphere assembly [10]. In this scenario, breath figures (BFs) can
be envisaged as a valid option [11]. In fact, by exploiting this
autoorganization phenomenon, thin polymeric films having a
close-packed distribution of micrometric and submicromet-
ric cavities are readily obtainable: (i) through a single step
approach, (ii) in a few seconds, and (iii) using very simple and
accessible laboratory equipment.This is because BF process is
a particular kind of templatingmethod in which the template
is an ordered array of water droplets that simply evaporates
off at the end of the process. This is a great advantage with
respect to most of the other known templating approaches,
where the templates need to be removed after the fabrication
of the porous films and in most cases their preparation or
elimination is not trivial. For these reasons, BF is one of the
most widely employed methods for the fabrication of porous
polymer films [12–23].
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Wehave recently demonstrated the possibility of reducing
light reflection from glass surfaces by attaching on them
nanopatterned PDMS thin films, obtained via BF approach
[24, 25]. In the present work, we fabricated directly on a
semiconductor surface (Si wafer) different nanostructured
layers obtained by exploiting the same straightforward pro-
cess, with the aim of reducing the reflection produced by the
surface, thus increasing the amount of light transmitted into
the optoelectronic device.

2. Materials and Methods

Poly[9,9-di(2-(2-tetrahydropyranyloxy)hexyl)fluorene-alt-9,
9-dioctylfluorene] (PFO), used for preparing the BF arrays,
was synthesized in our laboratory by a properly controlled
Suzuki polycondensation, according to a previously reported
procedure [26]. PDMS elastomer (Sylgard� 184) was
purchased from Dow Corning. As semiconductor substrate,
we used a wafer of crystalline silicon.

2.1. Fabrication of the Nanostructured Coatings. For the drop-
cast BFs, we deposited 200𝜇L of a CS

2
solution of PFO

(2mgmL−1) on a piece of silicon wafer by using a microsy-
ringe and let it evaporate under a flux of moist nitrogen (80%
RH) at a flow of 150 L h−1. The process was complete in 10–
20 s and a porous polymer film (thickness ≈ 2 𝜇m) was left
on silicon. For the spin-coated BF, a 12mgmL−1 solution was
dropped on the silicon substrate while spinning at 4000 rpm,
and a nitrogen humid flow of 500 L h−1 at 80% RH was
applied on top of the spin-coating plate. For preparing the flat
PFO sample, spin-coating was performed without applying
the nitrogen humid flow. The final thickness of both the
patterned and the flat PFO films was about 100 nm. For the
replica molding of the BF films, the silicon wafer coated by
the nanoporous film was gently covered with 50mg of PDMS
prepolymer/curing agent mixture, to obtain a film with
average thickness of ≈50𝜇m, and let to rest for 1 h to allow
the PDMS to fill the cavities. After this time, the substrate
was backed in oven for 10 h at 60∘C. Finally, the sample was
soaked in dichloromethane until the complete dissolution of
the template, which releases the PDMS layer. After drying, the
flexible layer was applied by the flat side to a clean piece of
silicon wafer for the optical characterization. The flat PDMS
sample was prepared following the same procedure, by using
a nude silicon wafer as the substrate for liquid PDMS.

2.2. Optical Characterization. In this study, silicon was
chosen as substrate because its 𝑛 (≈4) is sufficiently high
to simulate the behaviour of typical high refractive index
materials used for the upper layer of photovoltaic cells.

To evaluate theARproperties of the nanostructured layer,
it would be necessary to measure the transmittance of such
nanostructured coating once deposited on the substrate.

The percentage of the power transmitted inside the
substrate can be written as

𝑇% (𝜆) = 100 − 𝑅% (𝜆) − 𝑆% (𝜆) − 𝐴% (𝜆) , (1)
where 𝜆 is the considered wavelength, 𝑇%(𝜆) is the per-
centage of the power transmitted into the material substrate,
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Figure 1: Measurement setup.

𝑅%(𝜆) is the percentage of the power reflected from the top
surface, 𝑆%(𝜆) is the percentage of the power scattered from
the top surface, and 𝐴%(𝜆) is the percentage of the power
absorbed by the coating layer.

Because the silicon substrate is not transparent, it is not
possible to perform a direct measurement of the nanostruc-
tured coating transmission. For the thicknesses under study,
the PDMS films can be considered completely transparent
in the wavelength range of measurement (400–900 nm) [27],
while the PFO films are transparent between 450 and 900 nm
[28]. Therefore, in this study we generally assumed that
𝐴%(𝜆) = 0, by taking into account that in PFO-based
coatings the initial part of the reflectivity plots (𝜆 = 400–
450 nm) is underestimated. In order to verify an increase of
the transmitted power, it is sufficient to measure a reduction
in the sum of the reflected and scattered powers once the
coating is applied to the surface (𝑅% + 𝑆% in (1)). The
measurement setup, shown in Figure 1, was designed to carry
out the necessary measurements at different angles of inci-
dence of the impinging radiation. A collimated light source,
emitting in the visible and near-IR range, is illuminating the
sample. An integrating sphere collects the reflected beam
and a compact spectrometer analyses the collected light. The
integrating sphere and the spectrometer are also used tomon-
itor the incident radiation, by directing the white light beam
directly to the integrating sphere. In this way, it is possible to
calculate the percentage of the reflected and scattered power.
The spectrum of the white light source and the spectrometer
sensitivity allow measurements in the spectral range 400–
900 nm. The measurements were performed with incidence
angles of the impinging beam of 30∘ and 50∘.

The light scattered from the sample surface is measured
by an energymeter.Themeasurement is performed only for a
certain scattering angle; however, since the surface roughness
of the nanostructured coating is smaller than the impinging
wavelengths, the distribution of the scattered light will follow
the Rayleigh scattering theory and will have the typical shape
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Figure 2: Schematic representation of breath figure formation.

of Rayleigh scattering. Therefore, it is possible to calculate
the total power scattered from the surface starting from
the power scattered at a certain angle. The nanostructured
coating is deposited in order to cover only half area of the
semiconductor. The measurements are acquired first on the
nude silicon side, then the sample is moved, and a second
measurement is performed on the nanostructured coating
side. The two points on the semiconductor inspected are
separated by few millimeters and it was verified that their
optical reflectivities are equal within 0.1%.

3. Results and Discussion

The process of BF formation relies on the precipitation of
a polymer around condensed water droplets, triggered by
the rapid evaporation of a polymer solution in a humid
environment. Its main stages are depicted in Figure 2. As
soon as the polymer solution in a volatile solvent is drop-
cast onto the substrate, the endothermic evaporation of the
solvent lowers the system temperature, causing the water
condensation. Once a droplet of water has nucleated on the
polymer solution, it grows at the expense of the vapor of
the surrounding atmosphere. During this stage, the growing
droplets start to organize at the polymer solution/air interface
into a close-packed arrangement. Once the film returns
to ambient temperature, the condensed water and residual
solvent evaporate, giving rise to a porous structure. When
the process is adequately controlled and the key parameters
(polymer concentration, kind of solvent, evaporation rate,
and relative humidity) are accurately adjusted, it is possible to
tune some morphology features in the final film, such as the
degree of order and the distribution/size of the pores [29–31].
In fact, BF formation can lead to randomly distributed pores
as well as to highly ordered honeycomb films, depending on
the conditions used. As regards the pore size, the achievable
diameter ranges from submicron to the tens of microns.

As an alternative to the standard drop-cast process, BF
arrays can be produced by spin-coating [32–35]. By following
this approach, the solvent evaporation/film forming process
is much faster, and it is more likely to obtain smaller porosity,
because the water droplets do not have enough time to grow.
Normally, BFs produced by spin-coating are poorly ordered

and can be multilayered, but the whole film thickness is
reducedwith respect to the drop-cast approach, becausemost
of the material and solvent are spun off the rotating substrate.

A further possibility for making nanostructured thin
films starting from the BF approach is to prepare the soft-
lithographic replica of the nanoporous film [36, 37]. In this
procedure, in fact, the BF film acts as a template for PDMS,
so that the close-packed array of nanopores is replaced by
an array of nanoreliefs of approximately hemispherical shape.
While in the two former approaches the porous film is pro-
duced directly on the substrate surface (in our case silicon),
in the latter the preformed PDMS nanostructured layer is
applied on the clean silicon surface after its manufacturing
has been concluded.

By following the three BF-based fabrication approaches
discussed above, we prepared three different types of poly-
meric nanostructures. As the spin- and drop-castingmaterial,
we selected an alternated fluorene-based block-copolymer
synthesized in our laboratory (PFO), which already proved
to be suitable for BF arrays [25]. In this polymer, in fact,
the presence of hydrophilic pendants all along the polymer
chains and not only at the end of the chain, as in most
amphiphilic materials, allows for the realization BF films of
submicrometric porosity, hence matching the requirements
for AR structures. In addition, polyfluorenes have higher
𝑛 (=1.7) than other standard polymers used to prepare BF
films (polystyrene, 𝑛 = 1.5; PMMA, 𝑛 = 1.4), which
makes PFO more suitable for reducing the reflectivity of Si
surface [38, 39]. Compared to other high refractive index
polymers (conjugated materials, sulfur-containing materials,
and polymer/inorganic hybrid materials) [40], PFO has the
further advantages of high solubility in organic solvents and
low light absorption in the visible and IR spectrum.

The fabrication routes and the resulting nanostructures
are summarized by the cartoon in Figure 3.The BF technique
realized by spin-coating on a piece of silicon wafer afforded a
thin nanoporous film (SC-BF). By applying the BF approach
by drop-cast, we obtained a similarly porous film, of higher
thickness (DC-BF). Because we were interested in obtaining
a submicrometric porosity suitable for AR coating purposes,
we optimized the process parameter towards this target. In
particular, a polymer concentration of 2mgmL−1and a moist
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Figure 3: Schematic representation of the fabrication routes leading to three different types of nanostructures: SC-BF, DC-BF, and PDMS-r.
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Figure 4: SEM views of the three selected types of nanostructures. (a)-(b) Top view of SC-BF. (c) Top view and magnified top view (inset,
side ≈3 𝜇M) of DC-BF and section view of the same sample (d). Section (e) and magnified tilted view (f) of PDMS-r.

nitrogen flow of 150 L h−1 were used for the drop-casting
approach, whereas a higher concentration (12mgmL−1) and
flow (500 L h−1) were necessary to obtain the spin-coated
films with proper submicrometric and close-packed porosity.
Finally, by applying the soft-lithographic procedure to a BF

film obtained by the previous approach, we obtained a
nanopatterned PDMS replica (PDMS-r).

When observed by SEM (shown in Figure 4), the selected
nanostructures revealed some clear morphological differ-
ences. The surface of sample SC-BF (frames (a)-(b)) appears
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Table 1: Summarized description of the nanostructured films.

Sample Method Film thickness Nanostructure average diameter Fill factor Multilayer
SC-BF Spin-coating breath figures 100 nm 300 nm Low No
DC-BF Drop-cast breath figures 1-2 𝜇m 450 nm High Yes
PDMS-r Replica molding from DC-BF 50 𝜇m 450 nm High No
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Figure 5: Total reflectivity of the silicon substrate (specular reflectivity + average scattered power) measured for the uncoated sample and for
the different coated cases, at incidence angles of 30∘ (a) and 50∘ (b).

as a random distribution of close-packed pores of about
300 nm, but the surface coverage is uncomplete, so that there
are some small areas where the polymer film is flat. In the
magnified SEM view (frame (b)), it is possible to distinguish
the presence of some smaller pores underneath the surface
pore layer. Because of the low thickness of samples produced
by spin-coating (around 100 nm in theseworking conditions),
we expect that mostly mono- or bilayer structures can be
obtained by this approach.

In sampleDC-BF, the close-packed nanopores completely
cover the polymer film (frames (c)-(d)). Their size is slightly
bigger than the previous case (between 400 and 500 nm)
and the nanostructure is clearly multilayered along the 2 𝜇m
thickness of the film (see tilted view in frame (d)).

The PDMS-r sample is the positive replica of the previous
nanostructure type (frames (e)-(f)). Here, hemispherical
reliefs of 400–500 nm completely cover the surface of the
PDMS layer. From the section SEM analysis (frame (e)), it is
possible to notice that the height/depth of the nanostructures
is much smaller than the whole thickness of the PDMS layer.

The main features of the three selected types of nanos-
tructured films are summarized in Table 1.

To evaluate the AR performance of the fabricated nanos-
tructures on silicon, we measured the reduction in the
reflected components of light (intended as specular reflection
plus scattering) produced by the presence of the coating. In
fact, by assuming that absorbed component can be neglected

for the coating materials in wavelength range of measure-
ment, the amount of light transmitted into the silicon wafer
can be calculated as the difference between the optical power
impinging on the surface and the total reflected components,
which can be measured. As discussed in the previous section,
because PFO is not completely transparent for 𝜆 values lower
than 450 nm, we must take into account that the reflectivity
of PFO-based coatings is underestimated in the initial part of
the spectra.

For each sample, we performed two sets of measure-
ments by properly pointing the collimated light beam for
illuminating the sample at incidence angles of 30∘ and 50∘.
To perform a correct evaluation of the coating behaviour, it
is necessary to measure also the scattered power from both
the coated and the uncoated surfaces. By adding the average
contribution of the scattered light to the specular reflection
curves, it is possible to estimate with good approximation the
real improvement produced by the different coatings.

The results of these measurements are summarized in
Figure 5. For each sample, the reflectivity spectrum at the
two selected angles, augmented by the average value of the
measured scattered light, is presented. To better evaluate
the AR effect of the nanostructures, the reflectivity of the
uncoated silicon, that of the silicon coated by a flat PFO film,
and that obtained by applying on silicon a flat PDMS layer
have been included in the same plots.
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As expected, all the coatings reduce the reflectivity of
silicon substrate. In fact, because polymers have intermediate
𝑛 values between those of air (𝑛 = 1) and silicon (𝑛 =
3.8), they intrinsically work as AR layers. By comparing the
nanostructured PFO obtained by spin-coating (SC-BF) with
the flat PFO coating, we notice that the reflectivity reduction
with respect to bare silicon is similar at 30∘, indicating that the
nanostructure has practically no effect. By contrast, the AR
effect ascribable to the nanostructure is evident at 50∘. This
result suggests that the 300 nm porosity of sample SC-BF is
partially able to provide a gradual variation of 𝑛 from air to
silicon substrate, depending on the incidence angle.

The DC-BF nanostructure, on the other hand, shows
for both incidence angles a large AR effect over the whole
spectral range, with respect to both the uncoated and the
flat PFO coating samples. Silicon reflectivity is decreased
up to 10% by this coating, a value which is promising for
practical AR applications.This indicates that themultilayered
nanoporous structure evidenced in Figure 4(d) is more
effective in reducing the reflectivity of silicon than the thinner
mono- or bilayer structure of sample SC-BF.

If we correlate this observation with the morphological
data summarized in Table 1, we notice that the better
performance shown by DC-BF sample cannot be explained
by the average pore size, which is slightly bigger in this
sample than in SC-BF (450 versus 300 nm) and therefore
should not be a favourable condition for AR. In fact, a
surface pattern can work properly as graded index coating
when the nanostructures are small enough with respect
to the impinging wavelengths. If the nanopattern size is
close to the wavelength, the resonant effects increase the
scattered component of the radiation preventing a good
forward transmission for all the wavelengths of the spectrum.
Therefore, as regards the average pore size, the DC-BF sample
should work slightly worse than the SC-BF one.

The second parameter to take into account is the fill factor
of the nanostructure, which in this case results from the close-
packing level of the pores. The high fill factor of DC-BF film
is certainly favourable for the AR effect, because most of
the light impinging the coating meets a nanostructured area,
whereas the SC-BF sample, having a low fill factor, exposes a
bigger fraction of flat surface to light.

The last parameter considered in Table 1 is the presence of
a multilayered porous structure, as in the case of the DC-BF
film. Typically, a multilayered nanoporous film can properly
act as graded index coating if it has a distinct asymmetric
porous structure, that is, top and bottom layer having higher
and lower porosity, respectively, so that a gradual increase of
density and hence of 𝑛 from the top to the bottom is provided
[41]. Recently, Dong et al. conducted an investigation on
the formation of multilayers in BF procedure applied on
silicon substrates [42]. As shown by this and by other similar
studies, multilayer porous films obtained by BF approach
normally exhibit such asymmetric porous structure, because
the cavities in the bottom of the film tend to squeeze and
collapse during the BF development as the other layers are
formed above [31, 42–44].

On these bases, we can speculate that the better AR
performance shown by the DC-BF sample is ascribable to the

combination of higher fill factor of the surface nanostructure
and gradual density increase from the top to the bottom
arising from asymmetrical pore size distribution of the mul-
tilayer structure. Nevertheless, at this stage of the study we
cannot exclude that other optical effects, such as destructive
interference or localized plasmonic resonances, could take
part in the observed AR effect.

As regards the PDMS samples, our previous studies have
shown that similar elastomeric nanostructured films are able
to reduce light reflection on glass of nearly 50% [24, 25].
This result is substantially confirmed on silicon. In fact, the
reflected component is reduced of about 30% and 45% at 30∘
and 50∘, respectively.The lower AR effect observed on silicon
with respect to glass is ascribable to PDMS 𝑛 value (1.4) which
is close to that of glass, whereas the 𝑛 step with silicon is
much higher. In addition, the reflection plots show that the
hemispherical nanostructures enhanced the AR performance
of the flat PDMS layer at 50∘, while this effect is reduced at
the low incidence angle, probably because the 450 nm average
diameter of the hemispherical reliefs is not small enough to
work properly.

From the comparison of the AR behaviour of the different
nanostructures discussed above, we can deduce that BF
approach has the potential of being applied on devices where
the reduction of light reflection is required. It is worth to
remark that the first two types of presented nanostructures
(SC-BF and DC-BF) are formed directly on the semiconduc-
tor surface; hence, their realization does not require a per-
fectly flat substrate, as for the last type (PDMS-r). Presently,
in some electrooptical devices such as photovoltaic cells, the
surface is not perfectly flat due to the microwires used for
contacting it. BF-assisted fabrication of the AR layer could
work also in those cases, without requiring planarization of
the device surface.

4. Conclusions

In summary, we have successfully applied the breath figure
approach to realize nanostructured antireflection coatings
for silicon surface. By changing the fabrication conditions,
we were able to select three different types of nanostruc-
tured coatings, having nanopores or nanoreliefs on their
external surface. Because the proposed method is entirely
based on self-assembling and soft-lithographic steps, the
coating manufacturing is simple, straightforward, and does
not require complicated equipment. Moreover, two of these
nanostructured coating are realized directly on the semicon-
ductor surface, which is advantageous especially in case of
application to nonflat devices.

The optical characterization of silicon wafers coated by
this approach revealed that the 2 𝜇m thick multilayered
nanoporous film is the most effective coating of the series in
reducing the reflectivity of silicon. Specifically, the amount of
light reflected passes from40% to 10% at 450 nm, by changing
from the uncoated to the coated sample, and from 22% to
10%, by changing from the flat coating to the nanostructured
one. Such result not only indicates that nanostructures are
able to let the light enter in the semiconductingmaterialmore
efficiently than a flat layer made of the same material, but
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also suggests that, after proper optimization, the proposed
approach is potentially suitable for realizing AR coatings on
working devices. Future work will be dedicated to transfer
the fabrication approach here developed from silicon to
semiconductor-based solar cells.
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[13] F. Galeotti, W. Mróz, G. Scavia, and C. Botta, “Microlens arrays
for light extraction enhancement in organic light-emitting
diodes: a facile approach,” Organic Electronics, vol. 14, no. 1, pp.
212–218, 2013.

[14] M. Hernández-Guerrero and M. H. Stenzel, “Honeycomb
structured polymer films via breath figures,”Polymer Chemistry,
vol. 3, no. 3, pp. 563–577, 2012.

[15] M. Pisco, F. Galeotti, G. Quero, A. Iadicicco, M. Giordano,
and A. Cusano, “Miniaturized sensing probes based onmetallic
dielectric crystals self-assembled on optical fiber tips,” ACS
Photonics, vol. 1, pp. 917–927, 2014.

[16] F. Galeotti, A. Andicsova, S. Yunus, and C. Botta, “Precise
surface patterning of silk fibroin films by breath figures,” Soft
Matter, vol. 8, no. 17, pp. 4815–4821, 2012.

[17] V. Vohra, A. Bolognesi, G. Calzaferri, and C. Botta, “Multilevel
organization in hybrid thin films for optoelectronic applica-
tions,” Langmuir, vol. 25, no. 20, pp. 12019–12023, 2009.
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